We studied the evolution of the isotopic composition of dissolved Si (d 30 Si DSi ) and biogenic Si (d 30 Si BSi ) during a diatom bloom induced by an iron fertilization experiment in a Southern Ocean (SO) eddy. Dissolved Si (DSi) consumption was clearly boosted as a result of iron addition. We estimate an apparent Si isotopic fractionation factor of 21.36% 6 0.11%, not significantly different from estimates based on in vitro incubations under Fereplete conditions and in agreement with previous SO studies under Fe-depleted conditions. The temporal variations of the d 30 Si are best reconstructed considering the fertilized surface waters as an open system, i.e., DSi is continuously supplied from the winter water. Using vertical diffusivity, we estimate a supply of 6.7 6 1.2 mmol Si m 22 d 21 representing 30% 6 5% of total DSi demand. We estimate biogenic silica (BSi) production at 22.1 6 1.8 mmol Si m 22 d 21 , similar to BSi production under natural conditions in the SO. The DSi use preceding the start of the fertilization was conservatively estimated at 49% 6 4%, and as a result of the Fe-fertilization, a further 31% 6 4% of the initial DSi reservoir was consumed. The BSi export was estimated to be 17.4 6 1.7 mmol Si m 22 d 21 . Our results suggest that for this study three main processes were acting significantly on d 30 Si signatures, biological uptake, Si supply from subsurface, and export of BSi, and that the magnitude of production and export in such a Fe-fertilized experiment are similar to those for natural diatom blooms occurring in the Southern Ocean.
Upwelling of nutrient-rich waters south of the Antarctic polar front (APF) combined with phytoplankton growth under strong colimitation by iron (Fe) and light lead to large unused surface water nutrient concentrations, characterizing the Southern Ocean (SO) as a high nutrient low chlorophyll (HNLC) system (Martin 1990; Falkowski et al. 1998; Sarmiento et al. 2004 ). The current Fe limitation in the Southern Ocean has important implications for the potential of the biological carbon pump in significantly contributing to the CO 2 sink strength of this ocean (Martin 1990; Watson et al. 2000; Brzezinski et al. 2002) . The importance of this condition has triggered a series of in vitro Fe enrichment studies (Takeda 1998; Boyd et al. 2001) , mesoscale iron fertilization experiments (see reviews by de Baar et al. 2005 de Baar et al. , 2008 Boyd et al. 2007 ), and natural iron fertilization studies (Blain et al. 2007; Pollard et al. 2007 Pollard et al. , 2009 ). Fe addition experiments (in short FeAX) generally resulted in a large increase in chlorophyll a (Chl a), as well as a shift in phytoplanktonic community toward dominance of diatoms. These experiments revealed a strong decrease in surface pCO 2 during the course of the bloom, confirming that primary production (PP) in HNLC areas is Fe limited (de Baar et al. 2005 (de Baar et al. , 2008 Boyd et al. 2007 ). To quantify past, current, and future oceanic carbon sequestration capacity in the context of climate change, FeAXs can thus provide extremely useful information.
The study of the Southern Ocean Si-biogeochemical cycle is crucial, since diatoms are the major primary producers (Nelson et al. 1995; Brzezinski et al. 2001; Quéguiner and Brzezinski 2002) . As long as silicic acid (H 4 SiO 4 , hereafter DSi) is not limiting, diatoms will respond to enhanced Fe input in the HNLC Southern Ocean (Coale et al. 2004; Brzezinski et al. 2005; Boyd et al. 2007 ). Since diatoms preferentially take up light Si isotopes, thereby enriching the DSi pool with heavy isotopes (De La Rocha et al. 1997) , information on the silicon isotopic composition (d 30 Si) enables us to provide information on DSi sources, biological uptake, and advective supply for both the modern and the paleo-ocean (e.g., De La Rocha et al. 1998; Varela et al. 2004; Fripiat et al. in press) . Controlled laboratory experiments (De La Rocha et al. 1997; Milligan et al. 2004 ) and field studies (De La Rocha et al. 2000; Varela et al. 2004; Cardinal et al. 2005 ) suggest a constant Si isotopic fractionation factor (e) between the product (biogenic silica, hereafter BSi) and the source (DSi). However, the rather large standard deviation on this e value (21.1% 6 0.4%) leads to large uncertainties in dissolved Si use estimates. A recent study highlights that BSi dissolution discriminates against heavy Si isotopes with a factor half the one due to uptake (e 5 20.55% 6 0.05%; Demarest et al. 2009 ). As pointed out by Demarest et al., such dissolution-induced fractionation acts opposite to the one associated with BSi production and would thus reduce the overall fractionation.
We report here for the first time the temporal evolution of the particulate and dissolved silicon isotopic compositions during a diatom bloom induced by artificial Fe fertilization in the Southern Ocean. The European iron fertilization experiment (EIFEX) was conducted in the Antarctic circumpolar current to study the processes controlling the fate of the organic matter produced during this FeAX. Following fertilization, the phytoplankton became dominated by diatoms, Chl a increased more than fivefold, and particulate organic carbon (POC) nearly doubled (Hoffmann et al. 2006) . Compared with previous FeAXs, EIFEX is unique because (1) it was carried out in a mesoscale eddy in order to minimize dilution of the fertilized patch by advection (Cisewski et al. 2008 ); (2) the long observation period (37 d) encompassed the entire bloom, up to its demise (Hoffmann et al. 2006; Croot et al. 2007 ); and (3) the whole water column was studied to better constrain the fate of organic carbon and the importance of deep export and mesopelagic remineralization (Jacquet et al. 2008 ).
Our primary objective was to follow d 30 Si variations during a phytoplankton bloom in order to evaluate the relative importance of the different processes controlling the Si cycle. We show that silicon isotopes not only allow identification of the DSi sources and modes of supply, but also help to constrain quantification of supply, consumption, and export.
Methods
Main hydrological features and sampling strategy-The data used in this study were collected in the vicinity of the Antarctic polar front (APF) during R/V Polarstern cruise ANT-XXI/3, which took place between 21 January and 25 March 2004. The EIFEX experiment was carried out in Lagrangian mode within a cyclonic eddy having a diameter of approximately 100 km. The eddy, centered at about 2u159E-49u159S, was shed from the APF by detachment of a northward protruding meander Cisewski et al. 2008) .
One day before the iron fertilization (day 21) initial sampling took place to determine the prefertilization conditions. On 13 February 2004 (day 0) the eddy was fertilized with 7 3 10 3 kg of FeSO 4 . A second fertilization was performed on day 13 because iron concentration had decreased approaching again limiting levels. The eddy was monitored for a total of 37 d using different parameters including fluorescence of Chl a (chlorophyll sensitive light detection and ranging [LIDAR] system; Cembella et al. 2005 ) and fast-repetition-rate-fluorescence (FastTracka; Rö ttgers et al. 2005) (Table 2) .
Water sampling and analysis-Seawater was collected using Niskin bottles mounted on a conductivity, temperature, and depth (CTD) Rosette. Dissolved Si concentrations (DSi) were measured on board (within 24 h after sampling) using a colorimetric method (Hansen and Koroleff 1999 ) on a Technicon II autoanalyzer. Samples for Si isotopic composition were directly filtered through 0.4-mm polycarbonate membranes (47 or 90 mm diameter) in closed plastic filtration units. Filtrates were stored in acid-cleaned polycarbonate bottles at room temperature in the dark, and filters were dried at 50uC and stored in plastic Petri dishes at room temperature. Samples were processed after return to the laboratory (Royal Museum for Central Africa [RMCA]).
For biogenic silica we applied a wet-alkaline digestion on one-fourth of the filter with 0.2 mol L 21 NaOH (sodium hydroxide) solution (pH 13.3) at 100uC during 40 min (adapted from Ragueneau et al. 2005) . Since this digestion can dissolve some lithogenic silica, aluminum (a lithogenic source tracer) was analyzed in the leachates to check for possible lithogenic Si contribution. The latter was found negligible for all samples (Si : Al mass ratios . 650, compared with a mean crust ratio of 3.4). Silicic acid concentration in the leachates was measured by colorimetry (Grasshof et al. 1983 ) using a Genesys 10S ultraviolet (UV) spectrophotometer.
The extraction protocol used for Si isotopes is inefficient at concentrations , 10 mmol L 21 DSi (De La Rocha et al. 1996) . For such samples we first applied a preconcentration step adapted from the magnesium induced coprecipitation (MAGIC) method (Karl and Tien 1992; Brzezinski et al. 2003; Cardinal et al. 2005) . Briefly, DSi is precipitated along with brucite (Mg(OH) 2 ) by increasing the pH with Suprapur ammonium hydroxide (NH 4 OH), and this precipitate is redissolved in Suprapur hydrogen chloride (HCl). Dissolved silicon (from both DSi and BSi) can then be extracted via its quantitative precipitation with triethylamine-molybdate (De La Rocha et al. 1996) . After combustion of the silicomolybdate precipitate in covered platinum crucibles, the pure cristobalite phase was transferred to precleaned polypropylene vials. Dissolution of cristobalite was done in a dilute hydrogen fluoride (HF) and HCl mixture as described in Cardinal et al. (2003) .
Silicon isotopic compositions (expressed relative to the NBS-28 quartz standard, National Institute of Standards and Technology [NIST] Reference Material 8546) were then measured on a Nu Plasma multicollector inductively coupled plasma mass spectrometer (MC-ICP-MS; Université Libre de Bruxelles [ULB] RMCA, Brussels) using Mg external doping in dry plasma mode (Cardinal et al. 2003 ). This method does not allow measurement of 30 Si because of overlap with 14 N 16 O interference, so most of the measurements (60%) were acquired as d 29 Si (%). Following an upgrade of the Nu Plasma instrument, high resolution and pseudo high resolution could be achieved allowing the measurement of both d 29 Si and d 30 Si as described in Abraham et al. (2008) . In the following, results will be discussed using the d 30 Si notation only. Samples for which only d 29 Si was measured were converted into d 30 Si using the theoretical conversion factor of 1.96, calculated from the kinetic fractionation law (Young et al. 2002; Brzezinski et al. 2006 ). The conversion factor calculated from EIFEX DSi and BSi samples, which were measured both as d 29 Si and d 30 Si, is 1.98 6 0.08 (R 2 5 0.94, p , 0.05, not shown). The reproducibility (6 2 s SD ) of the two analytical methods described above is similar: 6 0.10% (d 29 Si) and 6 0.15% (d 30 Si). Accuracy and reproducibility were checked on a daily basis and confirmed by several intercomparison studies on secondary reference materials such as diatomite (Cardinal et al. 2003; Reynolds et al. 2007; Abraham et al. 2008) . Numerous analyses of this diatomite secondary reference material indicated that no significant isotopic bias occurred regardless of the method used.
Results
Our results for surface BSi concentration are in good agreement with other EIFEX BSi measurements (Hoffmann et al. 2006) , showing an overall increase from 2.1 to 5.7 mmol L 21 IN-patch over the course of the experiment (Table 1) . One exception is sample 593 12 (40 m, day 36), which shows a BSi concentration (2.6 mmol L 21 ) half the one of nearby samples 593 12 (10 m) and 553 10 (10 m and 40 m) for which BSi concentration ranges between 5.5 and 5.8 mmol L 21 (Table 1) (Fig. 2) gives an idea of the variability encountered during EIFEX. Note that the variability for surface water IN-patch is large compared with the one in the surface water OUT-patch (Fig. 2) Cardinal et al. 2007; Fripiat et al. in press) .
Temporal variation in the surface waters during EIFEXThe surface water DSi contents are lower for the initial INpatch station before fertilization (Sta. 424 17, day 21) compared with the OUT-patch stations (all inside the eddy). This suggests the occurrence of large spatial gradients inside the eddy, possibly induced by the presence of filaments with different water properties or heterogeneity due the development and fate of a former bloom. However, as discussed below, the IN-patch temporal evolution of DSi concentration and isotopic composition in the surface water is consistent with the observed development of the induced bloom (Hoffmann et al. 2006) (Fig. 3A) .
The major features of the temporal trends observed for IN-patch surface water (Fig. 3A) (Fig. 3A; Table 3 ).
No clear temporal trends are observed for the OUTpatch temporal variations of d 30 Si DSi and DSi (Fig. 3B) ) and when comparing Antarctic circumpolar current (ACC) d 30 Si values between spring (Cardinal et al. 2005 (Cardinal et al. , 2007 and summer cruises (Fripiat et al. in press) . Sta. 544 63, day 23 (+3.16% 6 0.09%) shows by far the heaviest surface water d 30 Si DSi value and is thus classified as an outlier even if we do not know the cause for this large deviation from all Diatoms were also dominant in OUT-patch waters (Hoffmann et al., 2006) , but the evolution of their DSi and BSi concentrations cannot be explained alone with biological consumption of DSi (Fig. 3B) . Three different Sigman et al. (1999) described such models in detail for nitrate, and these have been applied by Cardinal et al. (2005) , Varela et al. (2004) , and Fripiat et al. (in press) for silicon in the modern Southern Ocean. The closed system model assumes that the surface silicic acid pool is not replenished from an external source during the course of the seasonal nutrient consumption. In this case the uptake process can be described in terms of a Rayleigh fractionation model (Mariotti et al. 1981 (Table 2) . DSi surface water (small triangles), winter water (WW, small squares), and upper circumpolar deep water (UCDW, small circles) represent the water mass averages for each sampling event (Table 3) . For clarity, standard deviations of station's averages are not shown here; they are available in (Cardinal et al. 2007 ), this is not likely to be the case for IN-patch EIFEX since both DSi and BSi reservoirs are followed simultaneously over a 37-d period and exhibit consistent patterns (Figs. 1, 3A) . In contrast to Eqs. 1, 3, 4, 5, D 30 Si presents the advantage of using both the d 30 Si BSi and d 30 Si DSi datasets without the need to choose between a closed and an open mode of operation and to know the Si source. It also integrates the potential bias due to isotopic fractionation during dissolution (Demarest et al. 2009 ). We observe that the average D 30 Si remains constant over the duration of the experiment at 21.36% 6 0.11% with no significant temporal trend (p 5 0.49; Fig. 3C) .
Recently, Fripiat et al. (in press ) proposed a refined estimate of the fractionation factor for the ACC as based on a compilation of data estimated from seasonal variation in d 30 Si DSi Cardinal et al. 2005; Fripiat et al. in press) . Note that only d 30 Si DSi data for irondepleted ACC waters (Measures and Vink 2001; Sedwick et al. 2008; Chever et al. 2010 ) were used in Fripiat et al. (in press ). This refined estimate (e 5 21.2% 6 0.2%) is not significantly different from results based on in vitro incubation experiments using temperate marine diatoms (e 5 21.1% 6 0.4%; De La Rocha et al., 1997). Our D 30 Si value of 21.36% 6 0.11% fits rather well within the refined Southern Ocean estimates and therefore is likely to represent the true fractionation factor (Fig. 3C) . The constancy of D 30 Si throughout the EIFEX experiment and the agreement of fractionation factors between fertilized and natural systems also suggest that Si isotopic fractionation is not significantly affected by Fe availability. Since d 30 Si BSi might be more sensitive to bias than d 30 Si DSi Cardinal et al. 2007 (Fig. 4) . Conceptually, the open model represents an equilibrium condition, and therefore no temporal variation of substrate and product is expected. In order to apply the open system approach we need to consider the five successive sampling events along the experiment as a succession of steady state conditions. Parameters to be defined are thus the Si source characteristics: [DSi] (Table 3 ; Fig. 4A,B Fig. 4E,F) as prefertilization initial conditions. The latter initial conditions are likely to yield the best reconstruction of the EIFEX system. Indeed, they account for some mixing with subsurface waters that most likely took place during the period between the onset of the season and the start of the fertilization, modifying the ''true'' initial conditions (i.e., before the start of natural bloom) as represented by WW. Figure 4C ,E clearly shows that the Rayleigh closed system model for d 30 Si DSi systematically overestimates the observed isotopic compositions. The assumption that no mixing with subsurface waters took place over the entire duration of the growth season can be tested using the WW IN+OUT d 30 Si DSi conditions as the initial ones (Fig. 4C,D) . Indeed, the mismatch is even worse both for d 30 Si DSi and d 30 Si BSi than when using day 21 surface water conditions (Fig. 4E,F) . In contrast, the Rayleigh model results for accumulated d 30 Si BSi based on day 21 surface water initial DSi conditions (Fig. 4F) (Fig. 4A,B Cyclonic eddies can produce upwelling, which has been observed to locally increase productivity by the upward advection of nutrients into the euphotic zone, a process that has been called eddy pumping (McGillicudy et al. 1998) . However, based on the analysis of both hydrographic and microstructure data, Cisewski et al. (2008) found no indications for upwelling within the eddy. Moreover, if eddy pumping was involved in the Si supply, we should observe a shoaling of isopycnals and isotherms in the top 500 m of the water column of the eddy. The vertical distribution of temperature and density along the crosseddy section does not show such a feature. Therefore, vertical mixing and vertical diffusion are the major processes involved in the vertical Si supply from WW.
Using the upper thermocline vertical diffusivity K T estimate reported for EIFEX (7.06 3 10 24 m 2 s 21 ; Cisewski et al. 2008) we calculate the vertical Si supply from WW to the surface layer IN-patch as follows:
where K T is the vertical diffusivity in the upper thermocline, Jacquet et al. (2008) report a C export flux of 872 6 60 mmol C m 22 from the upper 150 m over the 37 d of the EIFEX experiment, and such export to deeper layers could also account for the missing BSi. The BSi : POC atom ratio of the sinking particles should then be given by the ratio of the missing BSi over the C export, that is, 644 : 872 5 0.7 6 0.1. For mixed layer microphytoplankton (. 20 mm) Hoffmann et al. (2007) report that the BSi : POC ratio shifted from 0.3 during the first 15 d of the EIFEX experiment to 0.6 6 0.1 on from day 20, while for picophytoplankton and nanophytoplankton (, 20 mm) the increase in BSi : POC ratio was from 0.15 to 0.45. Since such values for microphytoplankton are quite close to the BSi : POC value calculated here, and since some increase of the BSi : POC ratio with depth has been documented (Quéguiner et al. 1997; Ragueneau et al. 2006) , our results support the view that the larger diatoms were responsible for most of the export observed for the second half period of EIFEX. Overall, our data are in good accordance with the observations by Hoffmann et al. (2006 Hoffmann et al. ( , 2007 and Jacquet et al. (2008) Fraction of initial DSi consumed % ð Þ1
Where f day 21 5 0.51 6 0.04, meaning that at day 21, 49% 6 4% of the original prebloom DSi reservoir was already consumed (Fig. 4A,B ), in agreement with the indications that a bloom had occurred in the area before the EIFEX experiment started (Hoffmann et al. 2006; Jacquet et al. 2008) . The Fe fertilization resulted in an additional depletion of the initial DSi reservoir by 31% 6 4% ((f day 21 2 f day 37 ) 3 100, where f day 37 5 0.20 6 0.02; Fig. 4A,B) . Thus, the total relative use of DSi since the onset of the season is 80% 6 4%. Toward the end of the experiment (day 28; Fig. 3A (Fig. 3A) , corroborating the observation by Hoffmann et al. (2006) that diatom abundance during EIFEX started to decrease from day 26. A situation where Si uptake continues while cells number remains stable or decreases may be explained by an increase in relative abundance of more heavily silicified diatom frustules. This possibility is also supported by an increase of the BSi : POC ratio in the surface layer (Hoffmann et al. 2006 (Hoffmann et al. , 2007 , a feature that seems characteristic of Fe enrichments in Si-replete conditions (Marchetti et al. 2010) . Jacquet et al. (2008) report a massive C export to deeper layer at the end of the experiment, and it appears likely that this export concerned mainly the older generations of diatoms, which would bear the lightest d 30 Si BSi . Moreover, preferential release of light isotopes during BSi dissolution would also result in a heavier remnant BSi pool (Demarest et al. 2009 ). However, since the increase of d 30 Si BSi does not seem to be associated with changes in the rates of DSi decrease and d 30 Si DSi increase (i.e., no change of slope in Fig. 3A) , we favor export scenario combined with uptake to explain the observed isotopic enrichment of BSi toward the end of EIFEX. Indeed, although BSi dissolution could not be ruled out, it appears to have a limited effect both on Si concentrations and isotopic signature.
Comparison with previous BSi production and export estimations in the polar frontal zone (PFZ)-For the AESOPS study (summer 1997-1998 ; PFZ, Pacific sector) Brzezinski et al. (2001) report a high BSi biomass with a high production rate, reaching up to 24.8 During the Southern Ocean iron release experiment no significant increase of export was observed ), probably as a result of the too short duration of the survey (13 d). Several system-specific factors (algal Fe uptake, food web structure and grazing activity, particle properties and transformations including sinking rate or scavenging) may act on the efficiency of export induced by Fe addition (Boyd et al. 2007 ), possibly explaining this variability in BSi export between different FeAX.
Using an inverse model approach, Jin et al. (2006) estimated an export of opal ranging generally between 1 and 5 mol Si m 22 yr 21 (with a maximum around 60uS) and occasionally above 7 mol Si m 22 yr 21 in the Southern Ocean. Assuming a productive period of 5 months per year ), this estimation yields to an opal export (BSi) ranging between 7 and 33 mmol Si m 22 d 21 (occasionally above 45 mol Si m 22 yr 21 ). The EIFEX BSi export estimate fits with these Jin et al. (2006) estimates. Overall we conclude that BSi export induced by Fe fertilization during EIFEX was of the same order of magnitude as BSi export observed for the natural Southern Ocean, a feature already stressed in Jacquet et al. (2008) .
Our results provide useful information on the effect of FeAX on Si cycle and confirm the value of the Si isotopes proxy to estimate Si fluxes and identify Si sources in wellconstrained oceanic systems. Our observation that the EIFEX fertilized patch behaved more as an open system in terms of Si cycle also has implications for other nutrients and should be considered for further calculation on nutrient budgets.
